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INVENTION DESCRIPTION 

Describe the invention completely, using the outline given below. Please provide an electronic copy of the 
invention disclosure document, references, and abstracts in Windows format on CD-ROM or floppy disk if 
possible 



Brief Description of the Invention: 

Mucus barriers cover all routes of entry into the body, including the gastrointestinal tract, nose, lungs, and the 
female reproductive tract. It is critical in many applications that drug delivery particles be able to cross mucus 
barriers efficiently to ensure the effective delivery of their therapeutic payload to underlying cells. 

We formulated sub-200 nm polymer particles using poly (D,L-lactic-co-glycolic) acid (PLGA). These particles 
can contain entrapped drugs or genes that can be slowly released in the body for prolonged therapies. Drugs or 
genes can also be attached to the surface of the carriers and slowly released by desorption in the body. For 
example, we encapsulated a cationic surfactant (DDAB) into the particles and, subsequently, condensed 
anionic DNA to the surface to obtain gene carriers with 50-fold higher cell transfection rates than naked DNA 
in vitro. Using the method of multiple particle tracking (MPT), we measured the transport rates of dozens of 
individual PLGA-DD AB/DNA nanoparticles in real time in reconstituted pig gastric mucus (PGM) that 
possessed physiologically relevant rheological properties. The average transport rate of PLGA-DD AB/DNA 
nanoparticles was 10-fold higher than similar size polystyrene nanoparticles . Therefore, by changing the 
surface chemistry of nanoparticles (from hydrophobic like polystyrene to hydrophilic like our PLGA- 
DDAB/DNA particles), particles that cross mucus barriers much more readily can be produced. 



SOFTWARE -Does this disclosure mciudeXsoft\y2^^ 

-If yes, please: complete the^qftwarelnformation Sheet;which''caiKb&ji^ V-'^"€v^-^fel^^^Sfe^^j 
BIOLOGICALMATERJ^^ 

If yes, please attach a list of materials:; for reference. A' Tangible Proper^^^ 

biological materials only/ You can Find this form at: hhp://www,hopkinsmedicine.org^^ ' .-^ ^ ^ - j-,.^ 



2. Problem Solved: 

Drug and gene carrying nanoparticles delivered to mucus-covered epithelial cells in the lung, nose, gastrointestinal 
and reproductive tracts must traverse mucus to reach cellular targets. Inefficient particle delivery to these tissues 
has been attributed to slow uransport and/or instability of nanoparticles in mucus. Particles, such as those 
disclosed herein, that remain stable in mucus and move rapidly through diis barrier can be i^d to deliver 
therapeutic drugs, genes and vaccines, and may be useful in imaging applications in mucosal tissues. 
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3. Novelty [Identify those elements of the invention that are new when compared to the current state of the art] 

(A) Idea that surface chemistry and particle size can be easily altered to produce particles that more readily 
cross mucus barriers. 

(B) Fact that DNA coating may render the surfaces of particles less adhesive to mucus. 

(C) DNA coating may be achieved with CpG-rich DNA fragments that are known to be strong inmiunological 
adjuvants. This could find use in vaccine applications. 

(D) The particles produced are sub-200 nm in size, which enables them to enter cells once they have traversed 
the mucus barrier. Entering cells may shelter them from rapid removal mechanisms, thereby enabling 
them to reside at their target location and deliver drugs over longer periods of time (while wasting less 
drug). 



4. Potential Commercial Use - 

(A) All forms of mucosal drug delivery. 

(B) Mucosal vaccines (including subunit and DNA vaccines). 

(C) Delivery of gene therapeutics to mucus- covered tissues. For example, delivery of CFTR gene to the lungs 
of patients with cystic fibrosis. 



5. Commercialization - List any companies that you feel may be interested in this technology or are doing similar 
research. Indicate how the invention complements the company's existing technology. If known, provide the 
names of any companies (and a contact person) who have contacted you regarding your research related to the 
invention. 

Major pharmaceutical companies like Pfizer, Merck, J&J, Genentech, Amgen 
Drug delivery companies like Alza, Alkermes 
Vaccine delivery companies like Chiron, Corixa 
Oral drug delivery companies like Capsugel, Eurand 

Pulmonary delivery companies like Nektar, Advanced Inhalation Research, 3M Pharmaceuticals 

Gene delivery companies like Valentis, Vical, Copernicus 

[m No company interest known at this time. 



Keywords - Please circle the categories and keywords that accurately describe the present invention. 



CHEMICAL 

0 Additives 

□ Alternative Energy 
a Antioxidants 

□ Batteries 

□ Catalyst 

□ Coal Conversion 



Q Effluent Treatment 

□ Elastimers 

□ Electrochemistry 

□ Exhaust Treatment 

□ Foams 

o Food Chemistry 

a Fuel Cells 

a Gas Conversion 

o Gels 

□ Monomers 
Q Oxidation 

□ Petroleum 

□ Photochemistry 
(B^ gPOlymg rP 

□ Remediation 
a Solvents 

DIAGNOSTIC 

□ Antibody 
a Assay 

□ Biochip 1 * \ 
^ Contrast Agent (Pl^i^My 
^ Detection ' 

□ DNA Probe 

□ . Elisa 



Imaging 
Immunoassay 
In Situ 

Marker 

Measurement 

MRI 

Point of Use 
Radioisotope 
Transgenic 
Ultrasound 



GEiNGMICS 

□ Allele 

o Bioinformatic 

□ cDNA 

□ Epidemiology 

□ EST 
a Gene 

a Homologue 

□ Isogene 
o Library 

□ Mutation 

a Pharmacogenomics 

a Polymorphism 

□ Positional Cloning 

□ Proteomics 
D Receptor 

□ RNA 

□ Target Validation 

MEDICAL DEVICE 

^ ^elive5 > 

□ Diagnosis 
^ Imaging 

a Measurement 

□ Optical 

□ Safety 
a Sursical 

Treatment 

RESEARCH TOOL 

□ Animal Model 

□ Antibody 
Q Cell Line 

□ Culture 

□ Directed Evolution 
a DNA Probe 

□ DNA/RNA Sequencing 

□ DNAyRNA Synthesis " 
a Electrophoresis 

a Elisa 

□ Enzyme 

□ Equipment 

□ Expression System 



□ Immunoassay 

□ Label 
a PGR 

□ Protein Sequencing 

□ Protein Synthesis 

□ Reagent 

□ Spectroscopy 

□ Tissue Culture 
a Vector 

SCREENLNG 

a Assay 

□ Biochip 

a Combinatorial Biology 

Q Combinatorial Chemistry 

a Detection 

□ HTS 

□ Phage Display 

□ Screen 

□ Target 

THERAPEUTIC 

□ Analgesic 

□ Anesthetic 

Angiogenesis 
(/ Antibiotic 
^ Antibody 
(/ Antifungal 
^ Antiinflammatory 
^ Antisense 

Antiviral 

□ Apoptosis 

o Cell Signaling 
a Cell Therapy 

□ Diseaso^lodel 
^ fOnjg Delivery^ 

□ Drug Design 
Fertility 

H^tSeneJIte^app 
gj^ Hormone 
(H^ Ifmmu no therapy ) 
Q Natural Product 
Peptides 



^ Pro-drug 

□ Proteins 

^ Small Molecule 

□ Tissue Engineering 
o Transplant 

d Vaccine 

□ Virus 

a Wound Healing 
DISEASES 

0 Aging 

□ Blood 
Cancer 

Q Cardiovascular 

□ Dermatologic 

□ Endocrine 
Gastrointestinal 

(4r Genitourinary 

□ Hepatic 
Immune 

s Infectious 

□ Metabolic 

□ Musculoskeletal 

□ Neurological 
^ ObGyn 

Ophthalmological 
</Oral 
n/ Pediatric 

□ Psychiatric 
^ Respiratory 

ADDITIONAL KEY WORDS: 



STAGE OF 
DEVELOPMENT 

□ Unspecified 

□ Discovery 
Preclinical 

□ Prototype 

□ Phase I 

□ Ptfksen 
a Phase HI 

□ NCE 



7. Detailed Description of the invention - On a separate page(s), attach a detailed description of how to make 
and use the invention. The description must contain sufficient detail so that one skilled in the same discipline 
could reproduce the invention. Include the following as necessary: 



1- data pertaining to the invention; 

2- drawings or photographs illustrating the invention; 

3- structural formulae if a chemical; 



4- procedural steps if a process 

5- a description of any prototype or working model; 



In general, a manuscript that has been prepared for submission to a journal will satisfy this requirement. 



8- Workable Extent/Scope [Describe the future course of related work, and possible variations of the present 
invention in terms of the broadest scope expected to be operable; if a compound, describe substitutions, breadth 
of substituents, derivatives, salts etc., if DNA or other biological material, describe modifications that are 
expected to be operable, if a machine or device, describe operational parameters of the device or a component 
thereof, including alternative structures for performing the various functions of the machine or device] 

(A) any polymer or water-insoluble material may be used to make the particles 

(B) any chemical capable of altering the surface of the nanoparticles to make them less adhesive to mucus can 
be adsorbed (including DNA, surfactants, proteins, sugars, peptides, etc.) 

(C) size range of 100 um or less may work, but preferred size may be less than 500 nm 



9. References [Please cite relevant journal citations, patents, general knowledge or other public information 
related to the invention and distinguish between references that (A) contain a description of die current invention 
from those that (B) contains background information.] 

(A) Description of current invention 

Dawson M, Krauland E, Wirtz D, HanesJ, Transport of polymeric nanoparticle gene carriers in gastric mucus, 
Biotech Prog, in press (attached). 



D No references available at this time. 
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invention (SECTION A), and, 
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Hopkins University Intellectual Property Policy. Each Inventor must complete only one of 
Sections B or C (See explanations in the following sections). 
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t^P^rted catalytic activity in an all-RNA subdomain of the spliceosome 
confining U2, U6. and a branch oligonucleotide.' This result is intriguing in 
it suggests that the spliceosome may act as a ribozyme. Pievious studies 
5^ow (j^g^j formation of a U2-U6 complex plays a pivotal role in this 
suggested catalytic activity.^ Our goal is to characterize this V2-VS complex 
"S*"8 various structure-probing techniques. Thermal denaturation and non- 
denatur(pg gel electrophoresis smdies were performed to investigate complex 
formation. To further probe the folding of U2-U6 and the potential metal sites 
^ociated with this complex, hydroxyl radical, footpiinting and analytical 
"^''^^ientrifugation experiments will be performed. 
, Valadlchan, S. & Manley. J.L.. l^ature, 413, 701-707 (2001) 
* ^aJadkhan, S. & Manley, J.L., RNA, 6. 206-219 (2000) 

3lO(Kpos Board #B352 

DNA Mapping with TIRF Wide-Field iVUcroscopy and Centroid 
Localisation 

Xiaohui Qu', Laurens Mets^ Norbert F. Scherer'. 
^^^ment of Physics, Institute for Biophysical Dynamics, University of 
ChicagQ^ Chicago, IL, USA, ^Department of Molecular Genetics and Cell 
Biology^ University of Chicago, Chicago. IL, USA, ^Department of Chemistry, 
Institute for Biophysical Dynamics, University of Chicago, Chicago, IL, USA, 
fjic Sequence of DNA provides fimdamental information for understanding 
biological behavior. Conventional restriction mapping can provide useful 
characterizadoQ of small DNA molecules, but du-oughput is low and it fails for 
complex DNA.. Here we employ a fluorescence mapping strategy; DNA is 
labeled widi single fluorophore bis-PNA probes that recognize short sequence 
sites (5 Qc 7 bases). Using TIRF wide field microscope and centroid 
localization, the position of the dye molecule on each bis-PNA is determined 
within a few nanometers, dependent upon the total number of photons emitted 
i>y ^e dye. Making use of abrupt photobleaching of single dye photon emission 
and almost constant emission intensity on a time scale of seconds, multiple 
<^yes Within the point spread function are also resolved with a few nanometer 
precisioQ, Thus, a physical map, showing the relative locations of landmaric 
sequence features along DNA can be obtained widi high resolution. This 
approach to single molecule mapping works for bodi short and long DNA. We 
have established the validity of the method and are working on optimizmg the 
e'cperiinenlal conditions for mapping. 

Board #B353 

Real-finie Tracking of Nanoparticle Gene Carriers in Gastrointestinal 
Mucua 

Michelle Dawson, B.S., Denis Wirtz, Ph.D., Justin Hanes. Ph.D.. 
Chemical and Biomolecular Engineering, Johns Hopkins University, 

Baltin^Q^g^ MD, USA. 

Nanopai^jcie transport through mucosal barriers is often restricted owing to 
niucoadhesive forces and the highly viscoelastic nature of mucus gels, which 
Hmit efficient drug and gene delivery. We formulated sub-200 nm 
particles from poly (D,L-lactic-co-giycolic) acid (PLGA) and die cationic 
surfectant, DDAB. Subsequently, anionic DNA was condensed to the surface 
to obtain non-cytotoxic gene carriers, widi in vitro transfection efficiencies that 
were 5(),fQ|jj higher dian naked DNA. Using the mediod of multiple particle 
^cking (MPT), we measured the transport rates of dozens of individual 
PLGA-ooaB/DNA nanoparticles in real time in reconstituted pig gastric 
mucus (PGM) diat possessed physiologically relevant rhcological properties. 
The average transport rate of PLGA-DDAB/DNA nanoparticles was 10-fold 
hi^er than similar size polystyrene nanoparticles. Furthermore, PLGA- 
DDAB/Q^^ nanoparticles appeared to be more mobile dian . COOH-PS 
oanoparticies. The observation tf»at PLGA-DDAB/DNA particles moved faster 
?L ^^^ge dian PS particles was somewhat counterintuitive since PLGA- 
f\^^/DNA nanoparticles formed large aggregates in pig gastric mucus, 
which >vere expected to reduce dieir transport rates. This result may indicate 
"^^^ Particle transport was positively affected by the formation of mucus- 
P^^^le aggregates that may have increased pore diameters of the surrounding 
netwQfj^ promoting more rapid transport of free particles. By measuring 
^ ^^idual particle transport rates, we determined that a small but significant 
P«"ccntage of very fast moving particles in mucus were largely responsible for 
^ "^Crease in transport rates of PLGA-DDAB/DNA nanoparticles. Improved 
D^AR rates, stability m mucus, and ability to transfect cells make PLGA- 
^^/DNA nanoparticles candidates for mucosal DNA vaccines and gene 



3102-Pos Board #B354 
Tracking of dual-labeled SiHybrid gene-silencin« Molec 
Human Cells using Confocal Laser Scanning Wicrosco * '"'^»vidu3| 
Lawrence Dugan, Ph.D., Thomas Huser. Allen Christian''^ 
PBI/BBRP, Lawrence Livcrraore National Laboratorv r ' 
nxr. : . highly Conserved Process brN^^crce?' V^-"^ 



RNA interference 

unwanted mRNA in a sequence-specific manner usine^snTiii 
molecules (siRNA). These siRNA molecules can be" 



induce die same effect in cells. We have modified the stn!rh ^^"^'^^'caHv inj 
double-stranded RNA to RNA:DNA, ternied SiHybridr' 
improved gene silencing effects, including longevity and level r"^'^ 
fluorescence imaging efforts involving die RNA strand with r i ^ 
cytoplasmic uptake of the SiHybrid molecules <24 hours aft '"*^'ca«al 
Widi diis method we could easily detect large quantities of lab 1 
widiin die cytoplasm of cells using an inverted epifluorescenc 
Currently, we are using confocal scanning laser microscoDv'^fr'"^^^'^*^^*' 
quantify the presence and amount of dual-labeled SiHvbr d 
individual human-HeLa cells. These SiHybrid molecules wL hhT.!*^''"*' 
3 on die RNA strand and Cy-S on die DNA strand and cultured^„ ^ 
dishes. We used dual-labeling to track which of the strands is invol i 
gene silencing process. SiHybrid molecules were introduced into he '1 ' 
• media widiout transfection reagent, where they were then taken u b 
Prelimmary imaging results indicate diat die SiHybrid molecules are n 
taken up into die cytoplasm. We are currently tracking the presence of ve I 
numbers of dual-labeled SiHybrid molecules as a ftinction of tim» Hi 
generation and initial concentration. 

This work was performed under the auspices of die U. S, Departmcm t' 
Energy by die University of California, Lawrence Livermore NntinnMi 
Laboratory under Contract No. W-7405-Eng-48. ' 
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A novel approach for sensing single-molecule motion 

using a variable-width capacitor 

Ziv Reich', Ilan Sagiv*, Guy Zir', Dan Shahar^, Noa Mazo^ski^ Joseph 
Shappir*, Ruti Kapon'. 

'Biological Chemistry, Weizmann Institute of Science, Rehovot, Israel, 
^Condensed Matter Physics, Weizmann Institute of Science, Rehovoi, Israel, 
'Physics of Complex Systems, Weizmann Institute of Science, Rehovot, Israel, 
^Center for Nano-Science and Nano-Technology, Hebrew University of 
Jerusalem, Jerusalem, Israel. 

We present a novel approach to smdy die real-time dynamics of single 
molecules using electrical measurements. The method is based on the use of a 
nonparallel-phte capacitor. A particle moving widiin such a capacitor induca 
capacitance changes diat depend on its position. Monitoring Uiese chanucs 
allows motion to be traced at a resolution better dian the smallest fabricated 
feature of die device, A micron scale triangular sensor based on this concept 
was febricated using Si micromachining technology. Using diis device we were 
able to follow the motion of gold and silica mTcrospheres suspended in glycerol 
at sub-micron resolution. The detection scheme also enables die distinction 
between particles based on their dielectric constants. In addition, the special 
geometry of die capacitor, establishes an electric field gradient within, which 
exerts a dielectrophoretic force on die particles. This force can be controlled 
widi high precision and at short time scales by modulating the voltage on the 
capacitor plates, aUowing for force spectroscopy measurements simultaneously 
widi die motion measurements. This new approach provides a means r 
sttidying various aspects of single-particle dynamics at high resolution, in m 
time, in liquid and under conditions compatible widi biological systems. 
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High-bandWidth microrheology applied to solutions and network o 
semiflexible biopolymers . « o«ife«cnrof 

Karim IVL Addas, phD student in Physics', Chri^stoph Schmidt, Professor 
physics-. Jay Tang, Assistant professor of physcis . . «f mmolex 

^Physics, Indiana University, Bloomington, IN. USA, -Physics of Compie, 
Systems, Vrije Universiteit, Amsterdam, Nedierlands, Physics, o 
University, Providence, Ri, USA. . ^ . ^ cytoskeleton 

Semiflexible protein filament networics are charactenstic ' funic and 

and die extracellular matrix, and dieir dynamics over a broaa nu s 
lengdi scales are at die basis of cellular mechanics. employing micfo"* 

We have developed one and two-particle tnicrorficology. ^.^^^^^^^^jj^g 
sized embedded beads and laser trapping combineo ^^^o-^xs^. 
displacement detection, to sttidy die rfieological P^P^^. . „cw techniques • 
semiflexible fd-vinis solutions. We have tested these reiati / 



Transport of Polymeric Nanoparticle Gene Carriers in Gastric 
Mucus 
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Nanoparticle transport through mucosal barriers is often restricted owing to mucoad- 
hesion and the highly viscoelastic nature of mucus gels, which may limit efficient drug 
and gene delivery. We formulated sub-200 nm particulates from poly(D,L-lactic-co 
glycolic) acid (PLGA) and the cationic surfactant dimethyldioctadecylammonium 
bromide (DDAB). Subsequently, anionic DNA was condensed to the surface to obtain 
gene carriers with transfection rates 50-fold higher than those of naked DNA in vitro. 
Using the method of multiple particle tracking (MPT), we measured the transport 
rates of dozens of individual PLGA-DDAB/DNA nanoparticles in real time in recon- 
stituted pig gastric mucus (PGM) that possessed physiologically relevant rheologi- 
cal properties. The average transport rate of PLGA-DDAB/DNA nanoparticles was 
10-fold higher than those of similar size polystyrene nanoparticles. Improved transport 
rates, stability in mucus, and ability to transfect cells make PLGA-DDAB/DNA 
nanoparticles candidates for mucosal DNA. vaccines and gene therapy. 



Introduction 

Cationic polymeric microparticles have previously been 
shown to efficiently condense DNA. leading to noncyto- 
toxic gene carriers capable of stable gene expression in 
small animal models following intramuscular injection 
(i-^. In these studies, the effective dosage of DNA was 
reduced from 1-2 mg to 1-10 /^g. a result attributed to 
the reduced degradation of DNA (since encapsulation 
leads to DNA degradation) and the enhanced amount of 
DNA immediately available to induce an- immune re- 
sponse. 

Mucosal immunization is of considerable interest since 
gastrointestinal, nasal, respiratory, and vaginal mucosal 
tissues all drain to lymph nodes, leading to both local 
and distal immune responses {4}. Thus, immunization of 
one mucosal , surface can lead to long-term protective 
immune responses on all other mucosal surfaces. How- 
ever, the effectiveness of cationic nanoparticles to deliver 
DNA to mucosal sites relies on the ability of these 
particles to cross mucosal barriers (5. 6). 

The primary component of mucus is high molecular 
weight mucin glycoproteins, which form numerous cova- 
lent and noncovalent bonds with other mucin molecules 
and various constituents, including DNA. alginate, and 
hyaluronan (5). Reconstituted mucus formulated from pig 
gastric, human cervical, and tracheobronchial mucins 
display similar mucus structures, with large rod or 
fiberlike aggregates of 5 nm in diameter and 100-5000 
nm in length {7), The condensed and complex microstruc- 
ture of the mucus network gives rise to a highly vis- 
coelastic gel. which significantly impedes the transport 
rates of large macromolecules and nanoparticles {S-IOj. 

* To whom correspondence should be addressed. Ph: (410) 516- 
3484. Fax: (410) 516-5510. Email: hanes@jhu.edu. 

* Chemical and Biomolecular Engineering. 

* Biomedical Engineering. 

* Materials Science and Engineering. 



Immobilized nanoparticles are subject to bacterial and 54 

enzymatic degradation and may also be cleared from the 55 

body by normal mucus clearance mechanisms. Although 56 

clearance rates are anatomically determined, mucus 57 

turnover rates in the GI tract are estimated as between 58 

24 and 48 h (7). In the lungs, clearance rates are de- 59 

pendent on the region of particle deposition; however, 60 

normal tracheal mucus velocities, albeit more rapid than 6i 

mucus velocities in the peripheral lung, range from 1—10 62 

mm/min and turnover times are less than 1 h (II), As a 63 

result, it is imperative that drug and gene carriers 64 

designed to deliver their payload to epithelial cells be 65 

capable of efficiently traversing mucus layers coating 66 

mucosal surfaces. . 67 

In this study, cationic polymeric^nanoparticles were 68 

formulated from a biocompatibllF'and biodegradable 69 

polymer (poiy(D,L-lactic-co-glycolic) acid, PLGA), cationic 70 

surfactant (dimethyldioctadecylammonium bromide, 7i 

DDAB) and DNA, leading to positively charged particles 72 

with average sizes <200 nm in diameter. These particles 73 

aggregated slighdy upon addition to mucus solutions 74 

reconstituted from pig gastric mucin, whereas 200 nm 75 

carboxylated polystyrene (COOH-PS) particles did not. 76 

Despite this fact. PLGA-DDAB/DNA particles exhibited 77 

average transport rates 10-fold higher than those of 78 

COOH-PS particles in gastric mucus. 79 

Materials and Methods so 

Materials. Poly(D,L-lactic-co-glycolic) (PLGA) (Medi- 8i 

sorb High LV. 54:46) was obtained from Alkermes (Cin- 82 

cinnati, OH), and l,2-diacyl-palmitoyl-glycerol-3-phos- 83 

phocholine (DPPC) was purchased from Avanti Polar 84 

Lipids (Alabaster, AL). Dimethyldioctadecylammonium 85 

bromide (DDAB), bovine serum albumin (BSA), pig 86 

gastric mucin (PC^M), and deoxyribonucleic acid (DNA) 87 

(sodium salt, from salmon testes) were purchased from 88 

Sigma (St. Louis. MO) and used without further purifica- 89 

tion, 2.2.2-Trifluoroethanol (TFE) was purchased from go 
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91 Fluka (Milwaukee. WI). Plasmid DNA was extracted fig DNA per well, or 0.26 fxg DNA/cm2). Cells were i60 

92 from Escherichia coJi culture (strain DHSa. plasmid harvested 48 h after transfection.^-Galactosidase activity lei 

93 p43-cl2l. kindly donated by Dr. Kam Leong, Johns Hop- and total protein content were assayed using the stan- i62 

94 kins University) grown in freshly prepared Luria Bertani dard /3-galactosidase spectrophotometric assay (12) and m 

95 (LB) broth supplemented with 100 mg/mL ampicillin the manufacturer's given micro-well protocol for the BCA 164 

96 (Kodak Chemicals, Rochester. NY) using a Endo-free assay (Pierce Chemical Co.. Roclcford. IL), respectively i65 

97 Qiagen Megaprep (Valencia. CA) and subsequently re- Reported values of i3-galactosidase expression were nor- i66 

98 suspended in sterile, deionized water. The plasmid malized to the total protein content per sample well (n i67 

99 p43-clzl contains the jS-galactosidase gene under the = 3). . 

100 human early-intermediate cytomegalovirus (CMV) pro- The toxicity of PLGA-DDAB/DNA nanoparticles to 169 

101 moter and also contains a gene for ampicillin resistance. Cos-7 cells was assayed using a propidium iodide nucleic 170 

102 All other solutions and reagents were of analytical grade acid stain (Molecular Probes, Eugene, OR). Cos-7 cells i7i 

103 and used without further purification. seeded at 1 x 10« cells/cm^ were allowed to reach 60% i72 

104 Formulation of Cationic PLGA Nanoparticles. confluency and then incubated with PLGA-DDAB/DNA 173 

105 Particles were prepared by a solvent extraction/precipita- nanoparticles. naked DNA, or PolyFect/DNA particles i74 

106 tion method. PLGA (3 mg/mL) and DDAB (10 mg/mL) and harvested after 48 h. The PLGA-DDAB/DNA particle 175 

107 were dissolved in TFE separately. Subsequently. 3 mL volume was adjusted to give final DNA amounts of LO. i76 

108 of PLGA solution (9 mg PLGA) and 200 fiL of DDAB 2.5, and 5.0 ,ug per well, and naked DNA and PolyFect/ 177 

109 solution (2 mg DDAB) were combined and added drop- DNA concentrations were adjusted to result in a final 178 

110 wise to 8 mL of filtered distilled water stirring on a DNA content of 2.5 /xg per well. Harvested cells were 179 

111 magnetic plate. Next. 100 /iL of 1 mg/mL salmon testes resuspended in 500 //g/mL propidium iodide solution. i80 

112 DNA in distilled water was added to the water/TFE which intercalates with DNA released from necrotic cells. i8i 

113 mixture and stirred for 3 h on a magnetic plate to allow The percentage of dead cells was assayed using flow i82 

114 for TFE evaporation. The final formulation was cytometry. Adsorption and emission maxima for pro- 183 

115 DNA to PLGA (w/w) and 5% DNA to DDAB (w/w). The pidium iodide are 535 and 617 nm. 184 

116 nanoparticle suspension was then passed through a 1 finx Formulation and Characterization of Reconsti- i85 

117 Watman syringe filter (Kent, UK) to remove large tuted Pig Gastric Mucus (PGM). Mucus was formu- i86 

118 impurities and subsequently spun down for 75 min at lated from 60 mg/mL PGM. 3.2 mg/mL DPPC. and 32 i87 

119 15.000 X ^ and 4 'C using a Beckman-Coulter Avanti mg/mL BSA in sputum buffer (85 mM Na"**. 75 mM Cr. i88 

120 J-25 centrifuge (Fullerton, CA) to pellet nanoparticles. 20 mM Hepes. pH 7.4) {9j. Mucus was mixed on a stir 189 

121 Spin conditions were carefully chosen as to not spin down plate for 48 h at 4 and stored at -20 ''C {9j. m 

122 cationic lipid/DNA particles. PLGA-DDAB/DNA nano- Rheological characterization of gastric mucus was i9i 

123 particles were resuspended in distilled water and lyoph- performed with a strain controlled cone-and-plate rhe- 192 

124 ilized or used directly for characterization or transport ometer (ARES- 100, Rheometrics. Piscataway, NJ) as 193 

125 studies. ^ previously described [13, 14). Dynamic tests were per- 194 

126 Nanoparticle Characterization. The size and sur- formed at 25 "C. and buffer evaporation was eliminated 195 

127 face morphology of the nanoparticles were examined by using "a vapor trap. We report the time-dependent in- 196 

128 transmission electron microscopy. Nanoparticles in sus- phase component of the stress divided by the ampli- 197 

129 pension were adsorbed to carbon-coated ionized Formvar tude of applied oscillatory deformation of fixed frequency. 198 

130 grids, negatively stained with 2% uranyl acetate, and G[aj), the out-of-phase component, (7'{cy). and the phase 199 

131 observed with Philips 420 transmission electron micro- angle, (p = tan"^ [GIG). G and G' are also commonly 200 

132 scope (Eindhoven, Netherlands), referred to as the elastic and viscous moduli, respectively. 201 

133 The size and (;-potential of the nanoparticles were Confocal images of particles embedded in reconstituted 202 

134 determined by dynamic light scattering and laser Doppler mucus were captured with an AjiioCAM HR camera 203 

135 anemometry, respectively, using a Zetasizer 3000 (Mai- attached to a Zeiss LSM 510 Meta laser scanning confocal 204 

136 vern Instruments, Southborough. MA). Size measure- microscope. Mucus was placed in a Biop techs thermal 205 

137 ments were performed at 25 X at a scattering angle of regulated chamber (Bioptechs. Butler. PA) maintained 206 

138 90"*. Samples were diluted in 150 mM NaCl with or at 37 °C. Three-dimensional images were reconstructed 207 

139 without pig gastric mucin (PGM) (final mucin concentra- using Metamorph software (Universal Imaging Corp., 208 

140 tion was 10 mg/mL). ^-Potential measurements were West Chester. PA). 209 

141 performed according to instrument instructions with Nanoparticle Transport Rates in PGM with Mul- 210 

142 samples diluted in 150 mM NaCl with or without PGM tiple Particle Tracking (MPT).. Trajectories of fluo- 211 

143 (final mucin concentration was 2 mg/mL), rescently labeled carboxylated polystyrene particles 212 

144 Gel electrophoresis (Mini-sub cell GT. Bio-rad. Her- (COOH-PS; Molecular Probes; -5 mV ^-potential at pH 2i3 

145 cules, CA) was used to verify the binding of DNA to 6; 200 nm diameter) and PLGA-DDAB/DNA nanopar- 214 

146 particles and the necessity for cationic surfactants in the tides with condensed salmon testes DNA (35 mV. 196 ± 215 

147 DNA adsorption process. Twenty microliters of sample 29 nm diameter) in reconstituted PGM were recorded 21 6 

148 was run on an ethidium bromide stained L0% agarose using a silicon-intensified target camera (VE-lOOO. Dage- 217 

149 gel (70 V for 60 min) In TAE buffer (Tris-Acetate-EDTA). MTI. Michigan. IN) mounted on an inverted epifluores- 218 

150 Nanoparticle and Naked DNA Transfections with cence microscope equipped with lOOX oil-immersion 219 

151 Lac-Z Reporter Gene. Cos-7 cells were obtained from objective (numerical aperture 1.3). The trajectories of n 220 

152 American Type Culture Collection (ATCC. Rockville, MD) = 109 COOH-PS and n = 120 PLGA-DDAB/DNA par- 221 

153 and maintained in Dulbecco s Modified Eagle s Medium tides were tracked in PGM samples contained within a 222 

154 (DMEM) (Gibco. BRL) containing 10% fetal bovine serum microscope chamber maintained at 37 ''C. 223 

155 (Gibco, BRL, Invitrogen Co., Carlsbad. CA). Cells seeded The centroid of each particle was tracked with 5 nm 224 

156 at a density of 1.8 x 10^ cells/cm^ on 35-mm 6-well plates spatial resolution, determined by tracking the apparent 225 

157 were, transfected at 50-60% confluency with PLGA- displacements of microspheres immobilized on a glass 226 

158 DDAB/DNA nanoparticles or plasmid DNA alone (the microslide with a strong adhesive (75). Nanoparticle 227 

159 - concentration in all cases was maintained to yield 2.5% t\ motion was tracked in 2-D by following the motion of 228 
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Figure 1. Characterization of PLGA-DDAB/DNA nano par- 
ticles. (A. B) Transmission electron micrographs showed nano- 
particie sizes <300 nm. (C) Complexation of salmon testes DNA 
with cationic PLGA-DDAB nanoparticles was assayed by UV 
gel electrophoresis. Lanes 1 and 2: free DNA (arrow shows 
primary band --2 kb). Lanes 3 and 4: PLGA-DNA (no DDAB). 
Lanes 5 and 6: PLGA-DDAB/DNA nanoparticles . (D) PLGA- 
DDAB/DNA nanoparticles transfect Cos-7 ceils with 50-fold 
increase in transfection efficiency compared to naked DNA. (E) 
The size and ^-potential of PLGA-DDAB/DNA nanoparticles 
were assayed in 150 mM NaCl and in PGM. Size values 
represent the average value from 10 measurements, while the 
^potential values were an average of three measurements (n 
= 2 separate batches). 

nanoparticles in the plane of focus. For 2-D displacements 
to accurately represent 3-D motion, the fluid must be 
isotropic but need not be homogeneous {14), Images of 
the microspheres were captured with a custom routine 
incorporated in the Metamorph software (Universal 
Imaging Corp.) at a frequency of 30 Hz for 20 s. which 
gives a temporal resolution of 33 ms. The coordinates of 
nanoparticle centroids were transformed into families 
of time-averaged mean squared displacements (MSD). 
(A/2(r)> = (Wf + r) - + ij^t + t) - y(m (r = time 
scale or time lag), from which distributions of MSDs and 
time-dependent particle diffusion coefficients {D{r) = 
(A/^(r))/4T) were calculated as previously demonstrated 
{I6j. Diffusion coefficients were normalized with the theo- 
reticai diffusion coefficient of 200 nm particles in water 
as determined by the classical Stokes-Einstein equation. 

Results and Discussion 

Cationic microparticles with DNA adsorbed to their 
surfaces have been shown to efficiently transfect cells in 
vitro (i-J. 17). However, obtaining high transfection 
efficiencies in vivo is often limited by particle transport 
through extracellular barriers, including the mucosal 
barrier, which has been described as the foremost barrier 
to transfection in mucus-covered cells (5. 18, 19}, To 
determine if cationic nanoparticles formulated from 
PLGA and DDAB with condensed DNA may be effective 
gene carriers for administration to mucosal sites, we 
produced PLGA-DDAB/DNA nanoparticles and studied 
their transport rates in reconstituted pig gastric mucus 
(PGM). Reconstituted PGM was found to have composi- 
tional and rheological properties physiologically relevant 
to gastrointestinal (GI). nasal, and respiratory mucus [7). 

PLGA-DDAB/DNA Nanoparticle Characteriza- 
tion. PLGA-DDAB/DNA nanoparticles with sizes less 
than 200 nm (Figure lA and B) can be designed to tightly 
bind DNA with high efficiency (Figure IC). In addition, 
their small size compared to previous cationic particles 
in the micron-range (i- J, 17) allows them to enter ceils. 
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Figure 2. Elastic ((7) and viscous ((70 moduli of reconstituted 
pig gastric mucus (/7 = 3). Note that at low frequencies PGM 
acts more elastic than viscous, with phase angle, 0 = tan~*(C7 
(7) >-30^ but it yields at low frequency (2.5 s"*) and the phase 
angle shifts to 4> '^50'. 

either through nonspecific or receptor-mediated endocy- 267 

tosis. Similar to the results that Singh found with cationic 268 

microparticles {L 2), the transfection efficiency of PLGA- 269 

DDAB/DNA nanoparticles was 50-fold higher than that 270 

of naked DNA (Figure ID). At the concentration used in 27 1 

the transfection study. PLGA-DDAB/DNA nanoparticles 272 

(16.6 ± 6.2% dead cells) were less toxic than PolyFect/ 273 

DNA particles containing the same amount of DNA (23.9 274 

±1.2% dead cells) but more toxic than naked DNA alone 275 

(4.7 ± 2.4% dead cells). The toxicity of PLGA-DDAB/DNA 276 

nanoparticles showed a dose-dependency with slightly 277 

lower particle concentrations (corresponding to 1 //g DNA 278 

total, or 2.5-fold lower concentration than used in the 279 

transfection study) resulting in background levels of cell 280 

toxicity (7.2 ± 0.6% dead cells, not significantly different 28i 

than naked DNA controls). Singh and co-workers re- 282 

ported that PLGA-DDAB/DNA microparticles caused no 283 

acute toxicity with particle doses resulting in the equiva- 284 

lent of 1 mg of DNA per animal (guinea pig) (i). 285 

Incubation of PLGA-DDAB/DNA nanoparticles in mu- 286 

cus for <30 min changed the average particle surface 287 

charge from 39 ± 6 mV to — 1 1 ±7 mV. and the average 288 

particle size increased from 196 ± 29 nm to 249 ± 21 289 

nm. The change in size and surface charge of PLGA- 290 

DDAB/DNA particles indicated that mucus constituents 29i 

adsorbed on particle surfaces, leading to a significant 292 

increase in particle diameter. 293 

Rheological Characterization ofPGM. The highly 294 

viscoelastic properties and gel formation of mucus (phase 295 

angle <45'') arise primarily from the high molecular 296 

weights and expanded conformations of mucin glycopro- 297 

teins in aqueous solution. The ability of mucus to undergo 298 

gelation is also strongly affected by the concentrations 299 

of lipids and macromolecules. which noncovalently in- 300 

teract with mucins promoting the formation of larger soi 

mucin fibers that overlap to form dense mucus networks 302 

{20, 21). Physiologically, the high viscoelasticity of mucus 303 

gels is maintained to provide a barrier to microbial and 304 

particle transport; high elasticity also allows mucus to 305 

be engaged by ciliated cells or moved by pulsatory forces 306 

as it is cleared from the body {20j. The viscous and elastic 307 

properties are properly matched in vivo to achieve 308 

appropriate mucus clearance rates (5, 20j. 309 

The frequency-dependent elastic and viscous moduli 310 

were used to characterize the viscoelastic nature of 311 

reconstituted pig gastric mucus (PGM) used in this study 312 

(Figure 2). The phase angle of the reconstituted mucus 31 3 

(0 = tan-KC"/(7) = 30' at a; = 1 s"^) showed that the 314 

viscosity and elasticity of PGM were matched similarly 315 

to physiological mucus {21). At low frequencies. PGM had 3i6 

strong gel-forming properties, but gelation was disrupted 31 7 




Figure 3. Reconstructed 3-D confocal images of fluorescentiy labeled (A. B) COOH-PS (note the uniform size and distribution) and 
(D, E) PLGA-DDAB/DNA nano particles (particle size is less uniform with aggregates). Diffusive and sub-diffusive 20-s trajectories 
of (C) COOH-PS and (F) PLGA-DDAB/DNA nanopartide motion in PGM, 



318 .at shear rates corresponding to a frequency of a/ = 2.5 

319 Reconstituted mucus deforms at lower shear rates 

320 than crude mucus (21], However, particle transport 

321 Studies are performed on quiescent fluids in this work, 

322 and thus, mucus is not subjected to deforming shear 

323 conditions. 

324 PLGA-DDAB/DNA and 200 nm COOH-PS Nano- 
323 particles Embedded in PGM. Following incubation in 

326 mucus, the ^-potential measured for carboxylaced poly- 

327 styrene (COOH-PS) particles (-17.5 mV at pH 6) was 

328 close to that for PLGA-DDAB/DNA nanoparticles (-11 

329 ± 7 mV at pH 6), even though the initial ^-potentials of 

330 the . two particle types were quite different prior to 

331 incubation with mucus (39 ± 6 for PLGA-DDAB/DNA 

332 and -5 mV for COOH-PS). This result suggests that 

333 mucus components readily adsorb to the surface of each 

334 type of particle within minutes of their addition to mucus. 

335 Confocal microscopy was used to collect three-dimen- 

336 sional images of nanoparticles embedded in reconstituted 

337 PGM samples (bead solution was ^3% total volume) 

338 (Figure 3A, B, D, and E). COOH-PS nanoparticles showed 

339 reduced aggregation when compared to PLGA-DDAB/ 

340 DNA nanoparticles, which indicated that PLGA-DDAB/ 

341 DNA nanoparticles were either adhering as clumps.to. 

342 mucin fibers or aggregating via particle-particle interac- 

343 tions mediated by mucus. Adhesion to mucus may not 

344 be surprising since DDAB. which remains on the surface 

345 of PLGA-DDAB/DNA nanoparticles. is a cationic surfac- 

346 tant and mucin and other macromolecules found in PGM 

347 are strongly anionic (22). Note that although COOH-PS 

348 particles did not appear to aggregate heavily in mucus. 

349 they may still be adherent to mucus as individual 

350 particles (see next section). 

351 Nanopartide Transport Rates Measured with 

352 Multiple Particle Tracking (MPT). The mobility of 

353 COOH-PS and PLGA-DDAB/DNA nanoparticles in PGM 

354 was tracked in real time in two-dimensions. Suggesting 

355 2-D tracking represents the 3-D mobility of particles 

356 assumes that mucus is an isotropic fluid but not neces- 

357 sarily homogeneous. We verified with 3-D confocal mi- 

358 croscopy that PLGA-DDAB/DNA and COOH-PS particle 

359 distributions in mucus are independenrof location within 

360 the gel in the y, and z directions (Figure 3). 

361 Twenty-second trajectories of nanopartide motion in 

362 PGM showed that PLGA-DDAB/DNA nanoparticles ap- 

363 peared to be considerably more mobile than COOH-PS 

364 nanoparticles (Figure 3C and F). Individual particle 

365 - MSDs were used to determine the average (or "ensemble- . 



average") MSD. allowing the variation in particle trans- 366 

port rates with respect to time to be directly computed. 367 
The ensemble MSD of PLGA-DDAB/DNA nanoparticles 368 
was 10-fold higher than the ensemble MSD of 200 nm 369 
COOH-PS nanoparticles over a range of time scales 370 
(Figure 4A), Furthermore, the ensemble MSD of PLGA- 37 1 
DDAB/DNA nanoparticles had an almost linear depen- 372 
dency on time, indicating that the average transport rate 373 
in PGM was dominated by diffusive carriers. Neverthe- 374 
less, particle motion is severely limited by the viscoelastic 375 
nature of PGM, as indicated by the normalized average 376 
(or "effective") diffusion coefficients, which are 50- to 500- 377 
fold lower than their theoretical diffusivities in water 378 
(Figure 4B). The normalized diffusion coefficients show 379 
that the average particle transport rate decreases slightly 380 
with respect to time (Figure 4B). which would be ex- 38i 
pected, for example, if a significant fraction of particles 382 
underwent sub-diffusive transport (for example, particles 383 
adherent to mucus fibers). 384 

The observation that PLGA-DDAB/DNA particles moved 385 
faster on average than COOH-PS particles was somewhat 386 
counterintuitive since PLGA-DDAB/DNA nanopartide 387 
aggregation was expected to reducQ^heir transport rates. 388 
Therefore, to further elucidate the mode and rate of 389 
particle transport in PGM. we examined the distributions 390 
of individual particle MSDs (Figure 5). The mode of 391 
transport of each individual particle was determined by 392 
the slope of the particle MSD versus time on a log-log 393 
scale. A slope of <1 indicated that transport was sub- 394 
diffusive, or hindered, whereas a slope of ~1 indicated 395 
that transport was diffusive. For time scales < 1 s. COOH- 396 
PS nanopartide MSDs were . primarily sub-diffusive 397. 
(Figure 5A)» indicating that a majority of these particles 398 
(101 of 109, or 93%. at time scales between 0.1 and 1 s) 399 
are transiently adherent to mucus or are temporarily 400 
trapped within cages formed by mucus fibers. In contrast, 401 
considerably more PLGA-DDAB/DNA nanoparticles had 402 
diffusive MSDs at earlier time scales (Figure 5B). with 403 
only 78% (94 of 120) undergoing sub-diffusive transport 404 
at time scales between 0.1-1 s. Therefore, although a 405 
considerable fraction of PLGA-DDAB/DNA particles ap- 406 
pear to aggregate in PGM, a significantly higher percent- 407 
age of PLGA-DDAB/DNA particles (22%) undergo diffu- 408 
sive transport at early time scales compared to COOH- 409 
PS particles (7%). 4io 

To quantify the degree of heterogeneity in particle 4u 
transport rates, the distributions of the individual MSDs 412 
of COOH-PS and PLGA-DDAB/DNA nanoparticles at 4i3 
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Figure 4. (A) Ensemble MSD of PLGA-DDAB/DNA and COOH-PS nanoparticles in PGM. (B) The average diffusion coefficients, 
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Figure 5. Twenty time-dependent particle MSDs for (A) COOH-PS and (B) PLGA-DDAB/DNA nanoparticles, randomly selected {n 
== 109 and 120. respectively). The distribution of MSDs for COOH-PS (hatched bars) and PLGA-DDAB/DNA (open bars) particles, 
normalized with their respective ensemble averaged MSD. at (C) Af = 0.1 s and P) Ar = 1 s indicate that the majority of particles 
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414 time scales of At = 0.1 and 1 s were normalized by their 

415 respective ensemble average MSDs (Figure 5C and D). 

416 In general, the mean MSD of each particle type was 

417 significantly smaller than the ensemble average MSD. 

4 1 8 indicating that a small percentage (~ 1 0%) of the particles 

419 contributed significantly to the average rate of transport. 

420 At early time scales (Af = 0.1 s). when transport of 
42! COOH-PS nanoparticles was primarily sub-diffusive, the 

422 mean of the MSD was only 2-fold lower than the average; 

423 at larger time scales (Ar = 1 s). the mean was nearly 

424 5-fold lower than the average. In contrast, for all time 

425 scales. PLGA-DDAB/DNA nanoparticles had mean trans- 

426 port rates that were 5-fold lower than the average. This 

427 result provided further evidence that a high percentage 

428 of COOH-PS nanoparticles were either transiently ad- 



herent to mucus or temporarily trapped in microscopic 
cages in PGM over short time scales (thereby leading to 
a more homogeneous distribution of transport rates). 
Given time, some COOH-PS particles could resume 
diffusion by desorbing or escaping their sub-diffusive 
cages (leading to an increase in the heterogeneity of the 
particle transport rates). On the other hand, a higher 
number of PLGA-DDAB/DNA nanoparticles had diffusive 
transport rates at short time scales, leading to high 
heterogeneity in particle transport rates, but fewer 
changed their mode of transport over time, which was 
apparent in the similarities of the mean MSD at time 
scales of Ar = 0.1 and 1 s. This result suggests that, 
following the adhesion of a fraction of the PLGA-DDAB/ 
DNA particles, a significant percentage of the remaining 
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particles were able to undergo unrestricted diffusive 
transport. Heterogeneities in particle transport rates may 
be important in assessing the efficiency of particles in 
traversing the mucosal barrier since gene delivery may 
only require a small percentage of gene carriers to reach 
target epithelial cells (5). 

There are several possible explanations for the more 
rapid transport of the slightly aggregated (and thus, 
larger) PLGA-DDAB/DNA particles compared to COOH- 
PS particles. For example, Olmstead and co-workers {10) 
demonstrated that herpes simplex virus (HSV) particles 
adhere to mucin fibers found in cervical mucus, causing 
the fibers to collapse into coil-like structures and inducing 
the formation of larger pores around the condensed 
mucus. The rearrangement of the mucus network pro- 
moted more rapid local transport of HSV particles {lOj. 
Similarly, the observed PLGA-DDAB/DNA particle ag- 
gregates with mucus may have led to larger pores that 
promoted more rapid transport of PLGA-DDAB/DNA 
particles compared to COOH-PS particles. This hypoth- 
esis is supported indirectly by the fact that a considerably 
higher percentage of PLGA-DDAB/DNA nanoparticles 
(8.5%) exhibited a MSD greater than 5-fold of their 
ensemble average MSD compared to only 2.9% for 
COOH-PS nanoparticles. each at a time scale of 0.1 s 
(7,7% versus 3.9% at a time scale of 1 s for PLGA-DDAB/ 
DNA versus COOH-PS, respectively). 

A second possible explanation for the increased trans- 
port rates of PLGA-DDAB/DNA nanoparticles compared 
to those of the slightly smaller COOH-PS nanoparticles 
may be related to the difference in surface chemistries 
of the two particle types. PLGA-DDAB/DNA nanoparticle 
surfaces are coated with DNA. making them relatively 
hydrophilic compared to COOH-PS nanoparticles. Mucus 
is composed of a dense network of fibers that are 
relatively hydrophobic compared to the solution contained 
within the network pores. Therefore, it is possible that 
the fraction of PLGA-DDAB/DNA nanoparticles that do 
not interact electrostatically with negatively charged 
mucin glycoproteins are capable of enhanced transport 
in the hydrophilic mucus pores compared to COOH-PS 
particles, a larger fraction of which may adhere as single 
particles to the mucus network. This hypothesis is 
supported by the finding that a larger fraction of COOH- 
PS particles undergo sub-diffusive, or hindered, transport 
compared to PLGA-DDAB/DNA particles (Figure 5). The 
fact that each particle type appears to adsorb muciis 
components (as indicated by the decrease in ^-potential 
for each particle upon incubation in mucus) presumably 
makes the particle surfaces more similar. If the entire 
surface is coated by mucus components, then the differ- 
ences in initial surface chemistries may not be important, 
thus favoring the former hypothesis. Future studies 
aimed at quantifying the effects of particles on the pore 
structure of the mucus mesh and at determining the 
surface composition of the particles following incubation 
in mucus should help explain the transport phenomena 
observed. 

Conclusions 

Multiple particle tracking (MPT) was used to study 
transport rates of individual gene carriers in gastric 
mucus. Advantages of MPT include the ability to study 
individual particle transport and distributions of trans- 
port rates, as well as their contributions to the average 
or "bulk" properties, in complex biological environments 
(14, 23}. We measured transport rates of cationic nano- 
particles made from PLGA-DDAB/DNA in PGM and 
found that their transport rates were much higher (-^10- 



fold) than that of slightly smaller COOH-PS nanopar- 512 

tides. It is possible for larger particles (such as the 5i3 

PLGA-DDAB/DNA particles) to move more rapidly 514 

through a porous media than smaller particles by, for 515 

example, altering the pore network of the mucus or by 516 

spending less time on average either physically trapped 51 7 

within cages formed by elastic mucus fibers or. perhaps 518 

more likely, adherent to mucus fibers. Regardless, rapid 519 

transport through mucus and the ability to transfect cells 520 

make PLGA-DDAB/DNA particles interesting for further 521 

in vitro and in vivo testing as gene delivery agents. 522 
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INTRODUCTION 

Cationic polymeric microparticles have previously been shown to efficiently condense DNA, 
leading to non-cytotoxic gene carriers capable of stable gene expression in small animal models 
following intramuscular injection In these studies, the effective dosage of DNA was 

reduced from 1—2 mg to 1—10 |ig. a result attributed to the reduced degradation of DNA (since 
encapsulation leads to DNA degradation) and the enhanced amount of DNA immediately 
available to induce an inmiune response. 

Mucosal, inamunization is of considerable interest since gastrointestinal, nasal, 
respiratory, and vaginal mucosal tissues all drain to lymph nodes, leading to both local and distal 
immune responses (4). Thus, immunization of one mucosal surface can lead to long-term 
protective immune responses on all other mucosal surfaces. However, the effectiveness of 
cationic nanoparticles to deliver DNA to mucosal sites relies on the ability of these particles to 
cross mucosal barriers (5,6). 

The primary component of mucus is high molecular weight mucin glycoproteins, which 
form numerous covalent and non-covalent bonds with other mucin molecules and various 
constituents, including DNA, alginate, and hyaluronan (5). Reconstituted mucus formulated 
from pig gastric, human cervical and tracheobronchial mucins display similar mucus structures, 
with large rod or fiber-like aggregates of 5 nm in diameter and 100-5000 nm in length (7). The 
condensed and complex microstructure of the mucus network gives rise to a highly viscoelastic 
gel, which significantly impedes the transport rates of large macromolecules and nanoparticles 
(S-iO). Immobilized nanoparticles are subject to bacterial and enzymatic degradation and may 
also be cleared from the body by normal mucus clearance mechanisms. Although clearance rates 
are anatomically determined, mucus turnover rates in the GI tract are estimated as between 24-48 
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MATERIALS AND METHODS 
Materials 

Poly (D,L-lactic-co-glycolic) (PLGA) (Medisorb ffigh LV. 54:46) was obtained from Alkermes 
(Cincinnati, OH), and l,2-diacyl-palmitoyl-glycerol-3-phosphochoiine (DPPC) was purchased 
from Avanti Polar Lipids (Alabaster, AL). Dimethyl dioctadecyl ammonium bromide (DDAB), 
bovine serum albumin (BSA), pig gastric mucin (PGM), and deoxyribonucleic acid (DNA) 
(sodium salt, from salmon testes) were purchased ftom Sigma (St. Louis, MO) and used without 
further purification. 2,2,2-Trifluoroethanol (TFE) was purchased from Fluka (MUwaukee, WI). 
Plasmid DNA was extracted from Escherichia coli culture (strain DH5a, plasmid p43-clzl, 
kindly donated by Dr. Kam Leong, Johns Hopkins University) grown in freshly prepared Luria 
Bertani (LB) broth supplemented with l(X)mg/mL ampicillin (Kodak Chemicals, Rochester, NY) 
using a Endo-free Qiagen Megaprep (Valencia, CA), and subsequently resuspended in sterile, 
deionized water. The plasmid p43-cl2l contains the y?-galactosidase gene under the human early- 
intermediate cytomegalovirus (CMV) promoter and also contains a gene for ampicillin 
resistance. All other solutions and reagents were of analytical grade and used without further 
purification. 

Formulation of Cationic PLGA Nanoparticles 

Particles were prepared by a solvent extraction/precipitation method. PLGA (3 mg/ml) and 
DDAB (10 mg/ml) were dissolved in TFE separately. SubsequenUy, 3 ml PLGA solution (9 mg 
PLGA) and 200 fil of DDAB solution (2 mg DDAB) were combined and added dropwise to 8 
mL of filtered distiUed water stirring on a magnetic plate. Next, 100 pL of 1 mg/ml salmon 
testes DNA in distilled water was added to the water/TFE mixture and stirred for 3 hours on a 
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process. Twenty |jL of sample was run on an ethidium bromide stained 1.0% agarose gel (70 V 
for 60 min) in TAE buffer (Tris-Acetate-EDTA). 



Nanoparticle and Naked DNA Transfections with Lac-Z Reporter Gene 
Cos-7 cells were obtained from American Type Cultore Collection (ATCC, Rockville, MD) and 
maintained in Dulbecco's Modified Eagle's Medium (DMEM) (Gibco, BRL) containing 10% 
fetal bovine serum (Gibco, BRL, Invitrogen Co.. Carlsbad, CA). Cells seeded at a density of 1.8 
X 10^ ceUs/cm^ on 35-mm 6-well plates were transfected at 50-60% confluency with PLGA- 
DDAB/DNA nanoparticles or plasmid DNA alone (the concentration in all cases was maintained 
to yield 2.5 ^ig DNA per weU. or 0.26 \Lg DNA/cm^). Cells were harvested 48 hours after 
transfection. y5-galactosidase activity and total protein content were assayed using the standard 
yS-galactosidase spectrophotometric assay {12) and the manufacturer's given micro-weU protocol 
for the BCA assay (Pierce Chemical Co., Rockford, IL). respectively. Reported values of fi- 
galactosidase expression were normalized to the total protein content per sample weU (n = 3). 

The toxicity of PLGA-DDAB/DNA nanoparticles to Cos-7 cells was assayed using a 
propidium iodide nucleic acid stain (Molecular Probes; Eugene, OR). Cos-7 cellsWeded at 1 x 
10^ cells/cm^ were allowed to reach 60% confluency and then incubated with PLGA- 
DDAB/DNA nanoparticles, naked DNA, or PolyFect/DNA particles and harvested after 48 
hours. The PLGA-DDAB/DNA particle volume was adjusted to give final DNA amounts of 1.0, 
2.5, and 5.0 [Lg per weU, while naked DNA and PolyFect/DNA concentrations were adjusted to 
result in a final DNA content of 2.5 iLg per well. Harvested ceUs were resuspended in 500 
^ig/ml propidium iodide solution, which intercalates with DNA released from necrotic ceUs. The 




with condensed salmon testes DNA (35 mV. 196 ± 29 nm diameter) in reconstituted PGM were 
recorded using a silicon-intensified target camera (VE-1000. Dage-MTI, Michigan, IN) mounted 
on an inverted epifluorescence microscope equipped with lOOX oU-immersion objective 
(numerical aperture 1.3). The trajectories of n=109 COOH-PS and n=120 PLGA-DDAB/DNA 
particles were tracked in PGM samples contamed within a microscope chamber maintained at 
37' C. 

The centroid of each particle was tracked with 5 nm spatial resolution, determined by 
tracking the apparent displacements of microspheres immobilized on a glass microsUde with a 
strong adhesive {15). Nanoparticle motion was tracked in 2-D by following the motion of 
nanoparticles in the plane of focus. For 2-D displacements to accurately represent 3-D motion, 
the fluid must be isotropic, but need not be homogeneous {14). Images of the microspheres were 
captured with a custom routine incorporated in the Metamorph software (Universal Imaging 
Corp.) at a frequency of 30 Hz for 20 s, which gives a temporal resolution of 33 ms. The 
coordinates of nanoparticle centroids were transformed into families of time-averaged mean 
squared displacements (MSD). <Ar'(T)>=<[x(t+x)-x(t)]-+[y(t+T)-y(t)]-> (x = time scale or time 
lag), from which distributions of MSDs and time-dependent particle diffusion coefficients (D(t) 
= <Ar^('r)>/ 4%) were calculated as previously demonstrated (16). Diffusion coefficients were 
normalized with the theoretical diffusion coefficient of 200 nm particles in water as determined 
by the classical Stokes-Einstein equation. 



study) resulting in background levels of ceU toxicity (7.2 ± 0.6 % dead ceUs, not significanUy 
different than naked DNA controls). Singh and coworkers reported that PLGA-DDAB/DNA 
microparticles caused no acute toxicity with particle doses resulting in the equivalent of 1 mg of 

DNA per animal (guinea pig) (i). 

Incubation of PLGA-DDAB/DNA nanoparticles in mucus for < 30 minutes changed the 
average particle surface charge from 39 ± 6 mV to -11 ± 7 mV. and the average particle size 
increased from 196 ± 29 nm to 249 ± 21 nm. The change in size and surface charge of PLGA- 
. DDAB/DNA particles indicated that mucus constituents adsorbed on particle surfaces, leadmg to 
a significant increase in particle diameter. 

Rheological Characterization of PGM 

The highly viscoelastic properties and gel formation of mucus (phase angle < 45*) arise 
primarily from the high molecular weights and expanded conformations of mucm glycoproteins 
in aqueous solution. The ability of mucus to undergo gelation is also strongly affected by the 
concentrations of lipids and macromolecules, which non-covalently interact with mucins 
promoting the formation of larger mucin fibers that overlap to form dense mu^s networks 
{20,21)- Physiologically, the high viscoelasticity of mucus gels is maintained to provide a barrier 
to microbial and particle transport; high elasticity also allows mucus to be engaged by cihated 
cells or moved by pulsatory forces as it is cleared from the body (20). The viscous and elastic 
properties are properly matched in vivo to achieve appropriate mucus clearance rates (5,20). 

The frequency-dependent elastic and viscous moduli were used to characterize the 
viscoelastic nature of reconstituted pig gastric mucus (PGM) used in this study (Fig. 2). The 
phase angle of the reconstimted mucus ((D = tan kCVG') = 30° at CO = 1 s ' ) showed that ±e 
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Nanoparticle Transport Rates Measured with Multiple Particle Tracking (MPT) 

The mobility of COOH-PS and PLGA-DDAB/DNA nanoparticles in PGM was tracked 
in real time in two-dimensions. Suggesting 2-D tracking represents the 3-D mobility of particles 
assumes that mucus is an isotropic fluid, but not necessarily homogeneous. We verified widi 3- 
D confocal microscopy that PLGA-DDAB/DNA and COOH-PS particle distributions in mucus 
are independent of location within the gel in the x, y and z directions (Fig. 3). 

Twenty-second trajectories of nanoparticle motion in PGM showed that PLGA- 
DDAB/DNA nanoparticles appeared to be considerably more mobile than COOH-PS 
nanoparticles (Fig. 3C and F). Individual particle MSDs were used to determine the average (or 
"ensemble-average") MSD, aUowing the variation in particle transport rates with respect to time 
to be directly computed. The ensemble MSD of PLGA-DDAB/DNA nanoparticles was 10-foId 
higher tiian the ensemble MSD of 200 nm COOH-PS nanoparticles over a range of time scales 
(Fig. 4A). Furthermore, the ensemble MSD of PLGA-DDAB/DNA nanoparticles had an ahnost 
Unear dependency on time, indicating that the average transport rate in PGM was dominated by 
diffusive carriers. Nevertheless, particle motion is severely limited by the viscoelastic nature of 
PGM. as indicated by the nonnalized average (or "effective") diffusion coefficients, which are 
50-500-fold lower than their theoretical diffusivides in water (Fig. 4B). The normalized 
diffusion coefficients show that the average particle transport rate decreases slighdy with respect 
to time (Fig. 4B). which would be expected, for example, if a significant fraction of particles 
underwent sub-diffusive transport (for example, particles adherent to mucus fibers). 

The observation tiiat PLGA-DDAB/DNA particles moved faster on average than COOH- 
PS particles was somewhat counterintuitive since PLGA-DDAB/DNA nanoparticle aggregation 
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of COOH-PS nanoparticles were either transiendy adherent to mucus or temporarily trapped in 
microscopic cages in PGM over short time scales (thereby leading to a more homogeneous 
distribution of transport rates). Given time, some COOH-PS particles could resume diffusion by 
desorbing or escaping their sub-diffusive cages (leading to an increase in the heterogeneity of the 
particle transport rates). On the other hand, a higher number of PLGA-DDAB/DNA 
nanoparticles had diffusive transport rates at short time scales, leading to high heterogeneity in 
particle transport rates, but fewer changed their mode of transport over time, which was apparent 
in the similarities of the mean MSD at time scales of At = 0. 1 s and 1 s. This result suggests that, 
following the adhesion of a fraction of the PLGA-DDAB/DNA particles, a significant percentage 
of the remaining particles were able to undergo unrestricted diffusive transport Heterogeneities 
in particle transport rates may be important in assessing the efficiency of particles in traversing 
the mucosal barrier since gene delivery may only require a small percentage of gene carriers to 

reach target epithelial cells (5). 

There are several possible explanations for the more rapid transport of the slighUy 
aggregated (and thus, larger) PLGA-DDAB/DNA particles compared to COOH-PS particles. 
For example, Ohnstead and coworkers {10) demonstrated that herpes simplex virus (HSV) 
particles adhere to mucin fibers found in cervical mucus, causing the fibers to coUapse into coil- 
like structures and inducing the formation of larger pores around die condensed mucus. The 
rearrangement of the mucus network promoted more rapid local transport of HSV particles (10). 
Similarly, the observed PLGA-DDAB/DNA particle aggregates with mucus may have led to 
larger pores that promoted more rapid transport of PLGA-DDAB/DNA particles compared to 
COOH-PS particles. This hypothesis is supported indirecdy by die fact diat a considerably 
higher percentage of PLGA-DDAB/DNA nanoparticles (8.5%) exhibited an MSD greater dian 5- 



CONCLUSIONS 

Multiple particle tracking (MPT) was used to study transport rates of individual gene carriers in 
gastric mucus. Advantages of MPT include the abiUty to study individual particle transport and 
distributions of transport rates, as well as their contributions to the average or "bulk" properties, 
in complex biological environments (i4,2i). We measured transport rates of cationic 
naaoparticles made from PLGA-DDAB/DNA in PGM and found that their transport rates were 
much higher (-10-fold) than that of sUghtly smaller COOH-PS nanoparticles. It is possible for 
larger particles (such as the PLGA-DDAB/DNA particles) to move more rapidly through a 
porous media than smaUer particles by. for example, altering the pore network of the mucus or 
by spending less tune on average either physically trapped within cages fonned by elastic mucus 
fibers or. perhaps more likely, adherent to mucus fibers. Regardless, rapid transport through 
mucus and the abUity to transfect ceUs make PLGA-DDAB/DNA particles interesting for further 
in vitro and in vivo testing as gene delivery agents. 
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Figure 5. 
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